Introduction
Since its first implantation into human body in 1958, pacemaker has known several evolutions [1] [2] to become nowadays a vital cardiovascular device frequently prescribed to improve the quality of life for hearth failure patients. To increase the quality of service, pacemaker industry tends to integrate wireless telemetry technology into the medical device to allow home monitoring of the patient. Home monitoring technology challenges to analyse and to diagnose while the patient is sitting or sleeping at home. The pacemaker radio communication module, designed to exchange data with an external base station, features new technologies including, but not limited, new architecture, low power design technique, acoustic wave filter co-integration, miniaturized antenna design, etc. The miniaturized antenna embedded on the pacemaker device is typically a narrow bandwidth high-Q antenna [3] easily detuned by unpredictable near field environmental factors [4] [5] [6] . The input impedance of the implanted antenna can vary due to the tissue (muscle, fat, skin, etc.) properties, thickness, and also the individual properties which differ from one person to another. In addition, the patient position and more generally the nearby objects may cause also change in the antenna input impedance. Mismatch of the antenna impedance significantly degrades the transmitter radiated output power, the receiver sensitivity, and therefore the power efficiency of the radio transceiver. To highlight the possible random variability in the antenna input impedance that contributes to generate more or less important mismatch losses, precise characterization of the pacemaker antenna using different realistic human models is needed. In this way, electromagnetic simulations and measurements of the input impedance of the antenna immersed into homogeneous and heterogeneous human model were performed. To guarantee the success of the wireless communication even in the presence of mismatch losses, traditional solution over specifies the design of the RF power modules consuming more energy at the expense of the battery lifetime. This solution is obviously not mandatory where a targeting lifetime at least greater than seven years is required for such implantable medical device. More suitable solution is focused on the addition of an adaptive antennaimpedance tuning unit to automatically match the antenna input impedance to the optimal impedance of the RF front-end radio communication module.
Most of existing antenna-impedance tuning units [7] [8] [9] [10] [11] [12] [13] [14] [15] operates iteratively to successfully adapt source and load impedances. However, iterative methods generally spend several hundred milliseconds to calibrate the system and are not well suited to low power pacemaker applications where energy is lost during the calibration as the proper state configuration of the system is not yet obtained. The design of an energy efficient antenna-impedance tuning units based on a single step calibration method is proposed in this chapter to achieve a low power automatic matching process. The proposed method aims to extract the antenna complex impedance value in order to calculate the parameters of the network that match the extracted antenna impedance to the impedance of the RF power module at a selected frequency. In this chapter, we describe briefly the pacemaker telemetry system, the design constraints and the limitations in section II. Since the pacemaker antenna is easily detuned by tissues, we challenge to characterize the impedance of the antenna immersed into different realistic human model in section III. In section IV, we propose a novel antenna impedance tuning method based on a single step process calibration to adapt automatically the antenna impedance to the optimal impedance of the front-end radio.
Pacemaker telemetry overview
Pacemaker industry is entering into the era of home monitoring technology. Home monitoring enables pacemaker's patients to be remotely followed-up via secured wireless or telephone networks as shown in Fig. 1 . Depending on the patient's health status, the transfer of information could be done daily, weekly or monthly, and can be also triggered by the patient himself if he feels symptomatic. Home monitoring enhances patient safety and comfort, reduces pacing clinic visits and trips to the emergency room cutting down the overall healthcare costs and help the physicians better understand the patient's condition in less time. To allow home monitoring of the patient, it is necessary to integrate a wireless telemetry system into the medical device. Implantable pacemaker telemetry system provides a means for receiving downlink information from an external base station to the implanted medical device, and for transmitting uplink signals from the implanted device to the external unit.
Proposed wireless medical telemetry
Pacemaker microsystem typically embeds a controller, electrocardiogram (ECG) sensors and few analogue electronics blocs. In addition, the new generation device includes a wireless telemetry functionality which simplified bloc diagram is illustrated in Fig. 2 . As the size of the final product should not be larger than its predecessor, it is necessary to tend towards a large scale integration of memory, controller, RF functionality including RF MEMS as well as analogue RF circuits. The proposed wireless telemetry system integrates transceivers operating respectively at the Medical Implant Communication Service (MICS) frequency band and at the 2.4 GHz Industrial Medical Scientist (ISM) frequency band. The MICS 402-405 MHz frequency band is used to transmit short range secured data and for emergency link because only the exclusive MICS band is acknowledge as safe for medical devices by Food and Drug Administration (FDA). The ISM 2.4 GHz transceiver is dedicated for the implementation of a needed ultra low power wake up system and for transmitting data under higher equivalent isotropically radiated power (EIRP) to achieve the demanded increased communication range. In addition to the bi-band transceiver, a Bulk Acoustic Wave (BAW) filter and naturally a miniaturized loop antenna are embedded into the medical microsystem.
BAW Filter design and integration
The filter was implemented to address the high level risk of electromagnetic interferences in the widely used ISM 2.4 GHz frequency band using Solid Mounted Resonators (SMR). The resonators in SMR structures are realized on the top of an acoustic mirror structure based on the Bragg reflector principle [16] . The resonators layers were composed of classical couple AlN-Mo. In contrast to [17] , the Bragg reflector was implemented using an exclusive dielectric stack composed of SiOC:H and SixNy. The acoustical performance of the fully dielectric stack is comparable to traditional SiO2-W reflectors. However, this fully dielectric configuration strongly reduces the electrical coupling between resonators, and ensures high out-of-band rejection. Zero level packaging ensures a micro-cavity on the upper side of the resonator, thanks to a released bi-layer SiO2/BCB. The filter is based on a double-lattice topology ( Fig. 3 (a) ) and series inductances of maximum 1nH can be added so as to increase slightly the bandwidth, or for matching considerations. The photography in Fig. 3 (b) shows the 2.4 GHz filter. The active area is 450x225µm 2 , and the complete die is 1mm 2 . 120µm diameter areas with a 150µm pitch were prepared for bumping as well as for probe testing. Flip-chip on CMOS and LTCC technologies were studied for the integration of the filter. As illustrated in Fig. 4 (a), flip chip on CMOS integration approach exhibits limited performances for several reasons. The CMOS technology is based on a lossy substrate which give low performances interconnects. As consequences, wide pad bumps are strongly capacitive and minimum distance between bumps and pad ring gives long and lossy lines. In order to get better performance in the antenna to CMOS link, an alternative design has been also investigated to assemble the BAW filter with the antenna matching network in a same LTCC die, leading to a SiP approach. The comparison between on-probe BAW measurement and the flip-chipped BAW on LTCC is illustrated in Fig. 4 (b) where the responses are very close each other. Less than 0.2 dB additional insertion loss is observed.
Miniaturized antenna
A miniaturized loop antennas for implanted medical device designed to operate at both MICS 402-405 MHz and ISM 2.4 GHz frequency bandwidths have been successfully fabricated [18] [19] [20] [21] . As illustrated in Fig. 5 , the designed rectangular loop antenna embedded in a titanium (σ=2.3×10 6 S/m) housing biocompatible pacemaker prototype is made of copper (σ=5.8×107 S/m) covered with a silicone layer (ε r =2.8) for biocompatibility. The physical dimensions of the rectangular loop antenna are approximately equal to 29.5 mm width and 18 mm height. 
Transceiver design constraints and limitations
Medical devices require ultra low power, high performance transceiver. The design considerations of such transceivers are subjected to strong technical challenges which basic requirements [22] are as follows: -Low power during communication is required since the battery power is limited.
During communication sessions, current should be less than 6mA for most implantable device. -Mostly in asleep mode, a designed ultra low power ISM 2.4 GHz receiver should periodically look for wakeup signal. -As the size of the device should be continuously reduced, minimum external components is mandatory. High scale integration should also reduce significantly costs and increase the overall system reliability. -Higher data rates, reliability are targeted. -Good selectivity and interference rejection. -Increase of the communication range greater than 2 meter range. In such medical microsystem, over specify the system consumes more energy, reduces the battery lifetime and is therefore not mandatory to improve the limited communication range. Longer range implies the design of an automatic power optimized system. Thus, the integration of an automatic antenna tuning unit should contribute to improve the budget link by reducing the power losses due to impedance mismatch of the body affected small antenna.
Antenna input impedance characterization
The miniaturized high-Q loop antenna impedance is highly dependant on the close environment of this antenna. Due to the unpredictable near field tissues properties, its thickness variation or patient's position change, the antenna impedance can vary introducing some quite variable losses due to mis-adaptation. To address this problem, it can be advantageous to design a tunable matching network to improve the adaptation where the variability range of the network should be able to match the variation range of the antenna impedance to the optimal impedance of the front-end radio. Therefore, there is a first need that consists in the characterization of the variability in the antenna input impedance in order to decide of the matching topology. In so far as the approach is the same whatever the chosen frequency, we decide to focus our work considering the MICS frequency band.
Human body modeling
Generally, antenna impedance is characterized in homogeneous lossy dispersive fluids which simulate the average human body electrical properties. As impedance characterization requires to know the electromagnetic field behaviour in near antenna area, only reduced volume of these lossy materials is modelled. But, to accurately take into account the near field pacemaker antenna behaviour, different human tissues close to the implant have to be also considered. This will be done by using heterogeneous model with limited dimensions as multi-layered structures or as existing accurate human model of electromagnetic simulation tool.
Homogeneous model
The pacemaker implant is plunged in a dispersive and lossy liquid material with frequency dependent electrical properties. In order to characterize antenna pacemaker impedance in the 402-405 MHz MICS frequency band, the 450 MHz body tissue equivalent liquid is used. The target electrical parameters of this fluid (conductivity σ and real part of permittivity ε r ') are provided by the FCC [23] , as given in Table 1 In the electromagnetic simulation tool based on Finite-Integration Time-Domain (FITD) method (CST Microwave Studio) [24] , the homogeneous liquid model is represented by a parallelepiped (15cm×11cm×3.4cm). The rectangular homogeneous block dimensions and the pacemaker inside it as illustrated in Fig. 6 (a) are optimized for the heterogeneous model. For the experimental setup in Fig. 6 (b) , the pacemaker is plunged into a rectangular plastic recipient filled with homogeneous liquid and which dimensions are the same than the simulated one. 
Heterogeneous model
The implantable device is inserted in three heterogeneous models: the heterogeneous human model named Hugo which is the simulation tool human model [24] , a multi-layered structure and a simple experimental setup made to validate simulated heterogeneous models, the "human + hand" model. Compared to previous homogeneous model, the main advantage of these heterogeneous models is the ability to carefully model all human tissues in near antenna area to accurately take into account the near field pacemaker antenna behaviour. The pacemaker device is implanted in the pectoral of Hugo, in a limited volume sample of 11.2 x 6.4 x 11.6 cm 3 ( Fig. 7 (a) ). The voxel size of the human body model is the minimal voxel size of the simulation tool, i.e. 1 mm 3 . The whole body phantom contains 44 different tissues, whose real part of permittivity (ε r ') and conductivity (σ) are taken from [24] at 450 MHz. The chosen limited sample obviously includes fewer tissues than the complete body model.
Fig. 7. Heterogeneous Hugo model
In order to easily design implanted antennas, multi-layered geometries which provide an acceptable model for the human body, were firstly proposed in [18] . Based on the real human body structure of the simulation tool, the heterogeneous multi-layered model used here (Fig. 8) is made of three layers (skin, fat, muscle) that have different thickness and different electrical properties. The thickness of the skin, fat and muscle tissues are respectively 4, 20 and 10 mm. The electrical properties of these three layers are taken from electrical data of human body phantom tissues and given in Table 2 . The pacemaker is implanted in the fat layer just under the skin layer. The geometrical characteristics of the heterogeneous model, i.e. pacemaker position inside the rectangular block and dimensions of both layers and whole block, have been optimized in order to be in accordance with Hugo implant impedance. Table 2 . Electrical data of human body phantom tissues A simple experimental setup with a real human is also experimented. This one covers the pacemaker with his hand and puts it against his bust in exercising a strong pressure (Fig. 9) . This setup has not the intention to replace an implantation in a realistic human body, but we will see in the next section that it constitutes a good approximation. Fig. 9 . "Human + hand" model
Results
The antenna input impedances characterized in homogeneous and heterogeneous models are respectively shown in Fig. 10 and Fig. 11 . In homogeneous models, measured results with coaxial cable are systematically compared to simulated results with and without cable. In the configuration without cable, the loop antenna is fed by a lumped port which consists typically in a voltage applied between the two extremities of the loop. This configuration was used in order to simplify the numerical problem size to solve and thereby to reduce the total simulation time. Finally, only this simplified excitation setup will be used in accurate and heavy heterogeneous models because it allows fast simulation results to be obtained.
www.intechopen.com A global study of the impedance characteristics shows that the sensitivity of the antenna to the human tissues results in a shift of the resonant mode. As the MICS band is in the vicinity of this resonant frequency characterized by fast impedance variation, the shift of 50 MHz in frequency involves a huge shift in impedance levels (see Fig. 10 and Fig. 11) ; hence, while the values of real part of impedance in heterogeneous models are between 39 and 51 Ω, those in the homogeneous models are between 185 and 260 Ω. Similar discrepancies can be seen on imaginary part of impedance. These impedance random shifts are too significant to be neglected. To allow maximum power transfer between transceiver circuitry and antenna, it is necessary to design a variable matching network able to match automatically the wide range of antenna impedance to the front-end radio.
Single step antenna tuning unit
To address the problem due to impedance mismatch, many antenna impedance tuning units operating iteratively and/or using directional coupler to evaluate the quality of the link were investigated [7] [8] [9] [10] [11] [12] [13] [14] [15] . Since the use of a bulky additional coupler into the device is totally inacceptable and since iterative matching process spends time and consumes power to set the proper state of the network, we investigate on a novel coupler less method [25] solving the problems related to the impedance mismatch in a single iteration. The proposed solution detailed in this section is the first system able to match automatically in a single process both TX and RX matching networks. It reduces the power losses in transmission and in reception contributing to the optimization of the power efficiency of the transceiver itself.
Brief description
In general, the power consumption of radio communication modules is dominated by the power consumption of the power amplifier during the transmitting path and by the power consumption of the low noise amplifier during the receiving path. Since antenna impedance calibration procedure is done during the transmitting mode, in order to achieve low power antenna impedance tuning unit, it is necessary to reduce strongly the time required for the calibration. Therefore, we propose an innovative single step antenna tuning unit concept which basic topology is illustrated in Fig. 12 . A generic detector made of capacitor C det , which advantageously replaces the usual bulky coupler, is inserted between the power module and the tunable matching network. The sensed signal v 1 and v 2 are attenuated for linearity issue, down converted to a lower intermediate frequency and analyzed by a processor. As described by the flow chart in Fig. 13 , the processor exploits the magnitude and the phase of the sensed signals v 1 and v 2 to first calculate the impedance Z 1 and/or Z 2 located in the left and the right port of the detector, respectively. Finally, the extraction of the antenna input impedance exploits the well known deembedding techniques to calculate Z Ant from Z 1 or Z 2 . The obtained antenna input impedance value is used to directly calculate the parameters of the matching network that reach the proper state of the system at a selected frequency. The success of the calibration with arbitrary source and load impedances is achieved with a single iteration. Since iteration is avoided, the matching time is strongly reduced by more than several hundred times compared to iterative optimization method to achieve high speed and low power consumption solution.
Proposed architecture and analysis
Here, we integrate the antenna tuning unit topology presented in Fig. 12 into the architecture of the MICS frequency band transceiver as illustrated in Fig. 14 . The benefit of the proposed architecture is that the down conversion module and the baseband processor used for the design of the antenna tuning unit, as illustrated in Fig. 12 are already included into the MICS band transceiver [22] . Only minor extra hardware is therefore added for its implementation: a sensing module, an attenuator and tunable matching networks. In addition to the TX tunable matching network, we insert a RX tunable matching network between the antenna and the front-end receiver in order to maximize the sensitivity of the receiver regardless of the value of the antenna impedance. Since the matching algorithm is able to match the extracted antenna impedance to the optimal impedance of the power amplifier, it is obviously possible to use the same program to match the antenna impedance to the input impedance of the low noise amplifier (LNA) optimizing the sensitivity of the receiver. This is to our knowledge the first antenna impedance tuning unit able to calibrate both the transmitter and the receiver in a same impedance matching process.
Sensing module
The sensing module made of a transmit capacitor C det is inserted between the power amplifier and the TX tunable matching network. A capacitor is easy to integrate and its high quality factor advantageously limits the loss generated due to the sensing operation. However, the value of the capacitor C det needs to be chosen carefully. To set the value of C det , we analyze the impact of C det on the degradation of the network transformation ratio and on the sensitivity of the detection. As demonstrated in [26] , the associated transformation quality factor Q of a network that matches a load resistance R L to a source resistance R S is
In the presence of the capacitor C det , the expression of the equivalent source resistance is obtained exploiting the network series parallel transformation in Fig. 15 . 
As demonstrated in [26] , an increase of the transformation quality factor Q in (3) reduces the efficiency of a lossy matching network, whereas a decrease of Q in (4) offers a better efficiency. In order to limit the impact of C det on the raise of Q in (3) and therefore on the degradation of the matching network efficiency, it is mandatory to set the C det value greater than
Moreover, as shown in Fig. 16 , the sensing sensitivity depends on the value of C det . In Fig. 16 (a), the range variation of the ratio v 2 /v 1 is limited and centered around 1 and 0 for a strong and small value of C det , respectively. An example of wide range variation of the ratio v 2 /v 1 that provides a good sensitivity of the impedance sensing operation is illustrated in Fig. 16 (b) where C det is equal to A tradeoff between the sensitivity of the impedance sensing and the degradation of the association transformation quality factor, that could reduce lossy matching network efficiency, gives the expression of C det as follow
In this condition, neglecting the loss in capacitors and for R S =100Ω , R L =50Ω and Q L =50, a well matched single stage matching network will achieve a power efficiency [27] ( 1/ L QQ η ≈− ) of 98% and 97.55% without and with C det , respectively. As the same, for R S =50Ω, R L =100Ω and Q L =50, the power efficiency is this time improved from 98% to 98.45%.
Attenuator
An attenuator is inserted between the detection capacitor C det and the down conversion module for linearity issue. Indeed, the magnitude of the signals v 1 and v 2 at the output of the power amplifier stage is large, whereas the input linearity of down conversion module made of mixer and channel filter is in general small. To avoid corruption of the wanted signals from undesirable harmonics generation, magnitude and phase errors due to AM/AM and AM/PM conversions in such nonlinear system, the attenuation value must be set so as to adapt v 1 and v 2 to the dynamic range of the down conversion module as shown in Fig. 17 . The 1-dB compression dynamic range DR 1-dB of the down conversion module is the difference between the input 1-dB compression point ICP1 and the sensitivity S min of the donw conversion module. A back off is added to preserve the magnitude and phase integrity of the signals from AM/AM and AM/PM distortions. We obtain the dynamic range of the system as 
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We basically implement a capacitive voltage divider as represented in Fig. 18 dedicated to the attenuation of v 1 and v 2 . The value of the input capacitance C 1,att is small enough to achieve good isolation, whereas the value of the shunted capacitor C 2,att is strong and chosen to set the desired attenuation. C 3,att is also small value capacitor and added to limit the impact the output load impedance on the attenuation.
Tunable matching network
The tunable matching network is needed for its ability to adapt a great number of load impedances or any change of load impedance to the source impedance. Single stage matching network ability to cover a wide range of impedance is relatively limited [28] . We prefer a generic low pass π matching network with complex load and source impedances as shown in Fig. 19 . It is made of one fixed inductor and two variable capacitors made of diode varactors or bank of switched capacitors.
Fig. 19. Matching network with complex source and load impedances
As illustrated in Fig. 20 , the ability of the network to match a load impedance range to the source impedance is strongly dependent on the inductance L value. Indeed, any normalized complex conjugate load impedance located in the dotted area can be matched to the source whereas any normalized impedance located in the forbidden region can not be adapted. As an example, let consider the poorly designed inductance L scenario in Fig. 20 (a) . A part of the load impedance range, represented by the semicircular shape, is located in the forbidden region. To achieve the well-designed topology in Fig. 20 (b) , the value of L must be set carefully. To facilitate the design of the inductance L value, we study the network in a real source and load impedance domain instead of complex source and load topology. A network transformation is computed and we obtain the matching network in Fig. 21 with real source and load impedances. The expression of the real source R PS and real load R PL are given by (6) and (7), respectively. The normalized real load impedance range varies from min(r PL ) and max(r PL ) as reported on the Smith charts in Fig. 20 by the blue bold lines.
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As demonstrated in [27] , at a given angular frequency ω, and neglecting the self resonant frequency of the elements, the forbidden circle where load impedance can not be matched to the source impedance has a diameter D function of the inductance L and given by
Since r PL should be outside the forbidden circle, the forbidden circle diameter should be smaller than
As a consequence, the value of the inductance L should be smaller than the inductance maximum value L max which expression is
Matching processor algorithm
The architecture of the processor is illustrated in Fig. 22 . It analyses the magnitude/phase information of the down converted signals v 1_IF , v 2_IF to extract the antenna input impedance Z Ant used to calculate the proper state of the system. We detail in this section the steps of the algorithm that contribute to reach the goals. The impedances Z 1 and/or Z 2 are first calculated and de-embedded to extract the antenna input impedance Z Ant . A novel matching network design algorithm presented in [27] is finally run to adapt the antenna input impedance to the front-end power module (power amplifier and low noise amplifier). From (11) (12) (13) and (14), we obtain the analytical expression for the voltage v C across the detection capacitor C det in the time domain as
where, 
sin arctan cos
The impedance Z 1 at the left port of the detector C det is
and,
Similarly, we obtain the impedance Z 2 at the right port of the detection capacitor C det as
It is interesting to note that the impedances Z 1 and Z 2 at the ports of the detector are extracted with simplicity only from the magnitude B 1 , B 2 and phase shift α of (v 1_IF , v 2_IF ). The extraction of the antenna input impedance exploits the de-embedding techniques to calculate Z Ant from Z 1 or Z 2 . For better results, input parasitic capacitance from the attenuator could be taken into account during the process.
Matching network design
The matching design algorithm exploits a novel method for synthesizing an automatic matching network summarized in Fig. 23 and previously presented in [27] in order to match the antenna input impedance Z Ant to the optimal impedance of the power amplifier Z opt and to the input impedance of the low noise amplifier. This method transforms the load and source complex impedances to real source and load impedances for simplicity. The parameters of the networks that achieve the proper state of the system are calculated exploiting the Smith chart in a novel way achieving the process with simple analytical expressions. By reducing the complexity of the algorithm, we reduce the number of instructions, the time required to calculate the optimal configuration of the tunable matching networks and the power consumption of the antenna impedance calibration unit. 
Results
A first experimental set-up of the antenna impedance tuning unit operating at the MICS 402-405 MHz frequency band was fabricated [29] as illustrated in Fig. 24 . It includes the MICS frequency band demonstrator with only the TX low pass π tunable matching network, a microcontroller board and a pacemaker antenna immersed into a homogeneous human model liquid described in section III whose permittivity ε r and conductivity σ are 56.2 and 0.95 S/m, respectively. Fig. 25 shows two experimental reflection coefficient measurements. The first one plotted in Fig. 25 (a) was done before the calibration process in the presence of a detuned tunable lowpass π matching network. The second one illustrated in Fig. 25 (b) highlights a postcalibration reflection coefficient result up to -30 dB at the desired frequency of 403 MHz. As represented in Fig. 26 , the proposed antenna tuning unit demonstrator spends no more than 900µs to realise the overall calibration process, including the data acquisition, the impedance calculation and the excecution of the matching network design algorithm. 
Conclusion
New pacemaker tends to integrate a wireless telemetry system to allow home monitoring of the patient. The quality of service is strongly improved with an increase of safety, comfort and a reduction of cost. However, this challenge faces to a number of limitations like the need of low power high efficiency design, the degradation of the budget link while the antenna is immersed into the human body, etc. Indeed, it is demonstrated that the antenna impedance changes while immersed into human body causing mismatch of the antenna. To avoid antenna mismatch and reduction of the power efficiency of the radio link, we have proposed a new method to automatically match the antenna impedance to the front-end radio. This method operates in a single step to extract the antenna input impedance value exploited by a processor to match the antenna to the front-end radio both in transmission and reception. A demonstrator operating at the MICS 402-405 MHz frequency band was fabricated and an experimental set-up was presented. This prototype calibrates the system in less than 900µs with a 40MIPS clock processor to achieve a coefficient reflection S11 up to -30dB.
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